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Introduction
In RAN1#87, it was agreed to carry advanced CSI on both PUCCH and on PUSCH.  Furthermore, it was agreed that Rel-13/14 codebooks are used for higher ranks. 
Outcome of email discussion [86b-09]
· For advanced CSI feedback, RAN1 will specify only rank-1 and rank-2 codebooks 
· FFS, rank 3-4 
· Note: For rank 5-8, Rel.13 codebooks, as well as the extension and/or enhancement to more than 16 ports, can be reused
This contribution considers how to carry advanced CSI on PUCCH and PUSCH, as well as how to carry the the Rel-13/14 codebook when higher ranks are reported.
[bookmark: _Ref426729914]Discussion
Design principles for advanced CSI on PUCCH and PUSCH
CSI carried on PUCCH should be designed according to the following principles:
1. A complete CSI report should be available on PUSCH.
This is needed in order to allow eNB to trigger aperiodic CSI to obtained missed PUCCH information, e.g. from collision with other CSI or due to radio conditions.
2. CSI for ranks > 2 are reported according to Rel-13/14 procedures.  
The agreement from email discussion [86b-09] requires this.  This means that PUCCH reporting types for advanced CSI should be compatible with Rel-13 PUCCH reporting types, such that the same number of PUCCH transmissions and their timing can be used for both advanced CSI and Rel-13.
3. At most 3 PUCCH transmissions should be used to carry advanced CSI.  
Otherwise PUCCH resource usage is inefficient, and higher than Rel-13.
4. The same codebooks are used for PUCCH and PUSCH reporting
If PUCCH payloads are insufficient for a PMI report, then a subset of the codebook used on PUSCH is used for PUCCH reporting.  This avoids the UE having to compute completely different CSI for PUCCH and for PUCCH, as well as avoiding the need to support two different codebooks.
5. W2 should be reported together with CQI
Since W1 changes more slowly than W2, and given Rel-13 behavior where RI and W1 are reported as frequently or less frequently than CQI, W2 should be reported together with CQI in a PUCCH transmission.  
6. Advanced CSI PUCCH reporting should not be optimized for subband transmission  
Subband reporting requires 1 PUCCH transmission per subband, which is a highly inefficient usage of PUCCH resource.  For example, CSI for 10 or 20 MHz system bandwidth requires 9 or 13 PUCCH transmissions for subband CSI, on top of RI and wideband PMI.  Since advanced CSI requires 12 bits per subband PMI (for rank 2), subband PMI is 3x larger than Rel-13, it must be subsampled drastically to fit in PUCCH format 2.  Such subsampling degrades the performance of advanced CSI, so that advanced CSI on PUCCH is not only resource inefficient, but also provides poorer downlink user throughput.

Multiplexing W2 and CQI on PUCCH
W2 uses  bits per subband, where  is the number of beams,  is the number of phase bits per element of W2, and  is the rank.  Given that , the number of bits for W2 per subband is then:
Table 1: W2 beam cophasing overhead (per subband)
	Rank
	Beams

	
	1
	2

	1
	2 bits
	6 bits

	2
	4 bits
	12 bits



Since W2 should be reported together with CQI in a PUCCH transmission, for PUCCH format 2, the total payload can be no more than 11 bits.  Because CQI occupies 4 and 7 bits for 1 and 2 codewords, respectively, then W2 can occupy no more than 7 or 4 bits for rank 1 or 2.  Therefore, wideband W2 PMI for rank 1 can fit on PUCCH format 2 without subsampling, whereas subsampling from 6 or 12 bits to 4 bits is needed for rank 2.  
Given the above constraints, then 3 different payload sizes (2, 4, or 6) may be used for W2 on PUCCH.  eNB must be aware of the number of beams and the rank used to compute W2 if the payload size varies.  Since in Rel-13, eNB determines the size of the CQI field based on RI, that principle can be used to determine the rank used to compute W2.  If the beam power field is encoded independently of W2, then the number of beams used to determine W2 could also be determined by eNB. 
Since reporting a second wideband beam may provide limited gains, it is worth considering limiting PUCCH reporting to the single beam case.  The table below shows the W2 payload sizes assuming that only one beam is reported on PUCCH, and assuming that two beams are reported.  
Table 2: W2 payload alternatives
	Alternative
	W2 + CQI payload

	1: One beam, ranks 1 & 2
	Rank 1: 2 + 4 bits = 6 bits

	
	Rank 2: 4 + 7 bits = 11 bits

	2: One or Two beams, ranks 1 & 2
	Rank 1: {2 or 6} + 4 bits = 6 or 10 bits

	
	Rank 2: 4 + 7 bits = 11 bits



Observations:
· Carrying advanced CSI W2 + CQI on PUCCH format 2 requires:
· For rank 1 W2: 2 or 6 bits without subsampling 
· For rank 2 W2: 4 bits for 1 beam without subsampling or subsampling to 4 bits from 12 bits for 2 beams
· The rank used to compute W2 may be determined from RI, similar to CQI in Rel-13
· The number of beams used to compute W2 may be determined from another PUCCH transmission
· In this case, the other PUCCH transmission should be reliable
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The structure of  on PUSCH has independent selection of coefficients over polarization and layers, and may be expressed as:

In order to reduce to 4 bits, it is necessary to reduce the number of degrees of freedom among layers, beams, and/or polarizations.  This leads to two alternative designs for W2:
1. Alt 1: Two variable feedback for W2 rank 1 and 2
Here one variable is used for both beams, another is used for polarization cophasing, and the vector of layer 2 coefficients is orthogonal to that of layer 1, which can be expressed as below.  Variable  is used to combine beams, while  is used to combine polarizations.  The two variables are quantized with a QPSK constellation, which means that W2 can be represented with 4 bits.

2. Alt 2: Four variable feedback for W2 rank 2
This alternative is similar to Alt 1, except that layers are independently cophased, leading to 4 independent variables (, , , and ).  Each variable is quantized using BPSK, and so W2 again uses 4 bits.

Note that since the resulting W2 precoders in both alternatives results in matrices of QPSK or BPSK symbols, this constitutes a subsampling of the W2 codebook used for PUSCH and not a new codebook.
Simulation results
In this sub-section, we present simulation results comparing the different W2 subsampling options for wideband reporting that were presented in Section 2.3.1. Simulations are performed in 3GPP 3D UMi scenario, using an 8x4 antenna array with 4x1 virtualization, resulting in 16 antenna ports. The FTP1 traffic model with 100kB packets is used. CSI reporting is per PUCCH 1-1 with wideband PMI and CQI reported with 5ms periodicity. The results are presented in Table 3 below. 
Of the two subsampling schemes, Alt-1 gives substantially better performance than Alt-2, likely the BPSK granularity of the cophasing of Alt 2 is too coarse to be of any use, and it is better to spend bits on increasing the phase granularity than on individual encoding of layers. The performance loss of Alt-1 subsampling compared to non-subsampled codebook is also quite small. However, the best option is to only report 1 beam, as this gives better performance than using advanced CSI codebook, for wideband reporting. This makes intuitive sense: in advanced CSI we a creating a linear combination of two beams, corresponding to two different propagation paths in the channel. We rely on setting the cophasing optimally so that the transmissions on the two beam directions add up coherently at the receiver. If that is the case, the received power will be larger than for the 1 beam case, leading to a performance gain. If, however, the cophasing is not optimally set, the transmissions may add up destructively at the receiver, leading to a loss in received power compared to the 1 beam case. Since the different propagation paths corresponding to the different beams usually have a difference in path delay and delay spread, the optimal beam cophase will change over frequency, quite rapidly if the difference in delay is large. Thus, if the cophase is selected on a wideband basis, the transmission may add up constructively on some subbands while it may add up destructively on other subbands, leading to a net loss in performance compared to the 1 beam case. 
[bookmark: _Ref474161640]Table 3: Performance of W2 codebook subsampling schemes, 16TX, 40%RU
	Scheme
	Cell edge gain [%]
	Normalized user throughput gain [%]

	Rel-14 Non-subsampled CB Wideband PMI 
	0
	0

	Rel-14 1 beam only Wideband PMI
	10
	4

	Rel-14 Subsampled CB Alt-1 Wideband PMI 
	-6
	-2

	Rel-14 Subsampled CB Alt-2 Wideband PMI
	-14
	-6



Observations:
· W2 subsampling with 2 QPSK variables (Alt-1 subsampling) outperforms W2 subsampling with 4 BPSK variables (Alt-2 subsampling)
· Carrying only beam 1 information on PUCCH allows the lowest PUCCH overhead and has better performance than providing 2 beam wideband information on PUCCH.
Multiplexing W1 on PUCCH
Long term / wideband parameters (W1) in the advanced CSI codebook have the following field sizes:
Table 3: Parameter overhead (wideband)
	Field
	Bits

	Beam 1 (strong beam) index (wideband)
	

	Beam rotation (wideband)
	=4

	Beam 2 (weaker beam) index (wideband)
	

	Beam 2 relative power
	2



Given these field sizes, there are a number of alternatives to carrying advanced CSI W1 on PUCCH:
Table 4: W1 PUCCH multiplexing alternatives
	Alternative
	1st PUCCH Transmission
	2nd PUCCH Transmission

	1
	Beam 2 selection + power + RI
	beam 1 selection/rotation

	
	3+2+3=8 bits
	8 bits

	2
	Beam 2 selection + RI
	Beam 1 selection/rotation + power

	
	3+3=6 bits
	8+2=10 bits

	3
	Power + RI
	Beam 1 selection/rotation + Beam 2 selection

	
	2+3=5 bits
	8+(0 or 3)=8 or 11 bits

	4
	RI
	Beam 1 selection/rotation* + Beam 2 selection + power

	
	3 bits
	6+3+2=11 bits

	5
	RI
	Beam 1 selection/rotation

	
	3
	8

	6
	RI+Beam 1 selection/rotation
	N/A

	
	3+8=11
	



These alternatives have the following characteristics:
1. Beam 2 selection/power + RI
While this approach has the merit that the payload of the two PUCCH transmissions is equal, there are a number of drawbacks.  Because the relative power field and the beam 2 index are transmitted together, it is not possible to know if beam 2 is used prior to decoding the beam 2 field.  Consequently, it is necessary to always use the largest field size for the beam 2 index, rather than using the relative power field to determine if the beam 2 index is signaled.  This method also is likely to reports beam 1 and beam 2 indices with different periodicities, since RI is typically reported less frequently than PMI or CQI on PUCCH.  Furthermore, RI is multiplexed with 5 other bits, making it less reliable than alternatives 2-5. 
2. Beam 2 selection + RI
This approach has fewer bits multiplexed with RI than alternative 1, but still more than alternatives 3-6.  It also has the drawback that it is likely to report beam 1 and beam 2 indices with different periodicities, since RI is typically reported less frequently than PMI or CQI on PUCCH.  
3. Power + RI
A main benefit of this scheme is that the relative power indication can be used to allow the payload of W2 and the beam 2 index to be determined, which can save a total of 7 bits.  For rank 1, W2 can have 2 rather than 6 bits, and 3 bits can be saved by not transmitting the beam 2 index.  The drawback is that two bits are transmitted with RI, although 2 bits may not be too much overhead, especially noting that a 3 bit CRI can be multiplexed with RI in Rel-13.  
4. RI only; subsampled W1
Here, the benefit is that RI is not multiplexed at all with other bits, and a complete W1 is available in a single PUCCH transmission.  However, the W1 codebook must be subsampled to an oversampling factor of 2, which is known to significantly degrade performance.  Furthermore, since beam power is transmitted along with the second beam index, the beam index field must always be present, which increases overhead.
5. Only beam 1 on PUCCH
In this alternative, only a beam 1 information is carried on PUCCH.  That is, the beam 1 index and a 2 bit W2 corresponding to beam 1 (that combines polarization ports) is transmitted on PUCCH, while the beam 2 index, relative power indication, and the full W2 are all carried on PUSCH.  This approach has the lowest payload on PUCCH, as well as the most reliable RI indication.  
A potential drawback is that beam 2 information is not available on PUCCH. However, from the results above, reporting only wideband cophasing for beam 1 outperforms reporting wideband cophasing for both beams. 
Another potential drawback is that subband advanced CQI reporting on PUCCH is precluded, however W2 must be heavily subsampled to fit on PUCCH, which will degrade performance substantially.  Furthermore, many PUCCH transmissions (11 with a 10 MHz system bandwidth) are needed to carry subband CSI, which leads to high CSI delays as well as high usage of PUCCH resource.  Therefore, subband advanced CSI reporting on PUCCH is not likely to be useful.
6. RI+wideband  beam 1
In this alternative, only 2 PUCCH transmissions are needed, reducing PUCCH occupancy by 33%.  The drawback is that RI is multiplexed with the beam 1 information, making RI rather less reliable.  It is also not compatible with Rel-13 CSI requiring a 9 bit W1, since with a 3 bit RI, 12 total bits would be needed on PUCCH.
Observations:
· Alternatives 1, 2, 4, and 6 have drawbacks with respect to one or more of RI reliability, the ability to have variable payload size W2 or beam 2 index, degraded performance due to W1 subsampling, or compatibility with Rel-13 CSI used for ranks > 2.
· Alternative 3 (multiplexing RI with relative power) has the benefits allows PUCCH overhead savings of 7 bits, has reliable RI, while enabling complete wideband advanced CSI information on PUCCH format 2.
· Alternative 5 (carrying only beam 1 information on PUCCH) has the benefits allows the lowest PUCCH overhead, has reliable RI, although it does not carry complete advanced CSI on PUCCH.

Proposals:
· CSI on PUSCH carries a complete advanced CSI report,
1. i.e. includes beam 1 selection/rotation, beam 2, beam power, and all wideband and subband W2 fields.
· One of two alternatives is specified to carry advanced CSI on PUCCH:
1. Only beam 1 information is carried on PUCCH (preferred alternative)
· One PUCCH transmission carries beam #1 selection/rotation information.
· Beam 2 and relative beam power are not signaled on PUCCH.
· Complete advanced CSI (wideband and/or subband) information is carried on PUSCH
2. Information for both beams is carried on PUCCH
· One PUCCH transmission carries RI and the beam power field 
· Another PUCCH transmission carries Beam #1 selection/rotation and beam #2 selection
· Another PUCCH transmission carries W2 and CQI
· W2 is subsampled to 4 bits for rank 2 using 2-variable based subsampling (described herein)


Conclusion
This contribution has how considered how to carry advanced CSI on PUCCH and PUSCH, as well as how to carry the Rel-13/14 codebook when higher ranks are reported.  The following observations and proposals are made:
Observations:
· A complete CSI report should always be provided on PUSCH, e.g. to allow eNB to trigger aperiodic CSI to obtained missed PUCCH information.
· PUCCH reporting types for advanced CSI should be compatible with Rel-13 PUCCH reporting types, such that the same number of PUCCH transmissions and their timing can be used for both advanced CSI and Rel-13.
· The beam power indication field (when multiplexed with RI) can be used to enable variably sized W2 and beam 2 index report sizes, saving up to 7 bits on PUCCH.
· Carrying only beam 1 information on PUCCH allows the lowest PUCCH overhead and has better performance than providing 2 beam wideband information on PUCCH.
Proposals:
· CSI on PUSCH carries a complete advanced CSI report,
1. i.e. includes beam 1 selection/rotation, beam 2, beam power, and all wideband and subband W2 fields.
· One of two alternatives is specified to carry advanced CSI on PUCCH:
1. Only beam 1 information is carried on PUCCH (preferred alternative)
· One PUCCH transmission carries beam #1 selection/rotation information.
· Beam 2 and relative beam power are not signaled on PUCCH.
· Complete advanced CSI (wideband and/or subband) information is carried on PUSCH
2. Information for both beams is carried on PUCCH
· One PUCCH transmission carries RI and the beam power field 
· Another PUCCH transmission carries Beam #1 selection/rotation and beam #2 selection
· Another PUCCH transmission carries W2 and CQI
· W2 is subsampled to 4 bits for rank 2 using 2-variable based subsampling (described herein)
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Simulation Assumptions
	Simulation Parameters 

	Carrier frequency
	2 GHz 

	Bandwidth
	10 MHz 

	Scenarios
	3D UMi 200m ISD

	Antenna Configurations
	16 TX: 8x4 with 4x1 virt., UMi (108° tilt)

	Cell layout
	57 homogeneous cells 

	Wrapping
	Radio distance based

	UE receiver
	MMSE-IRC

	CSI periodicity
	5 ms

	CSI delay 
	5 ms

	CSI mode
	PUCCH Mode 1-1 (Wideband PMI & CQI)

	Advanced CSI codebook (when used)
	According to working assumption
Number of beams 2, with beam restriction for 32TX
Beam space rotation hypotheses per dimension: 4
Beam power: Wideband, 4 States
Co-phasing: Q-PSK 

	Outer loop Link Adaptation
	Yes, 10% BLER target

	UE noise figure 
	9 dB

	eNB Tx power 
	41 dBm (UMi)

	Traffic model
	FTP Model 1, 100 kB packet size

	UE speed 
	3 km/h

	Scheduling 
	Proportional fair in time and frequency
Max 8 MU layers

	DMRS overhead
	2 DMRS ports

	CSI-RS
	Overhead accounted for.  
Channel estimation error modeled.

	HARQ
	Max 5 retransmissions

	Antenna spacing
	0.8 lambda in vertical, 0.5 lambda in horizontal

	Handover margin
	3 dB

	Transmission Mode
	TM10, with non-shifted CRS
MU-MIMO






